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and show that they increase accuracy of ionizing photon production and satisfy
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1. INTRODUCTION
Photons with energies within the Lyman continuum (λ < 912A˚) are called ionizing
photons because they possess enough energy to ionize neutral hydrogen. These ionizing
photons play a crucial role in both theoretical and observational astrophysics, and can be
used to probe many diverse processes, including H II region properties, starburst galaxies,
and the reionization of the IGM at redshift z > 6. Ionizing photons exist in the UV and
EUV, so they are more difficult to observe than visible light photons. Because of the nature
of black-body spectra, the main producers of ionizing photons are O and B stars (Vacca
et al. 1996). This paper will examine pieces of astrophysics necessary to describe ionizing
photons, both theoretically and observationally, including stellar evolutionary tracks, and
the spectra produced by stellar atmospheres.
Three main areas of research where ionizing photons play a significant role are the study
of H II regions, starburst galaxies (Levesque et al. 2012), and the reionization of the IGM
(Shull et al. 2012). An H II region is a localized region in which all hydrogen has been ionized,
and is usually the volume surrounding a cluster of massive stars. These regions of intense
star formation are useful for studies of stellar dynamics and stellar evolution. A starburst
galaxy is classified as such because of a period of increased luminosity compared to the
average. Both H II regions and starburst galaxies contain massive stars that produce these
ionizing photons. On a cosmological scale, ionizing photons produced from massive stars are
a component used in determining when and how reionization of the IGM occurred. During
this time, the universe underwent a phase transition from neutral hydrogen, produced during
the recombination era, to ionized hydrogen. After reionization, the universe had expanded,
and the ionized plasma became optically thin. Ionizing photon production rates are just one
piece of data required to define the reionization period; they are however one of the most
important.
In order to model ionizing photon production, two main ingredients are needed: stellar
evolutionary tracks and model atmospheres. At a particular point along an evolutionary
track, various basic stellar parameters such as effective temperature (Teff), surface gravity
(log g), mass (M) and radius (R∗), are provided. Given these parameters, atomic data, and
opacities, the flux of photons (Fλ) per wavelength can be created from a model atmosphere at
that point in the stellar luminosity vs effective temperature plane, called the Hertzsprung-
Russell (HR) diagram. The most useful quantity, the ionizing luminosities Qi (photons
s−1) is related to number of ionizing photons, qi, with wavelength λ ≤ λ(i)lim. Three values
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of i = 0, 1, 2 correspond to λlim = 912, 504, 228 A˚ which represent the edges for ionizing
hydrogen, ionizing helium once, and ionizing helium twice respectively. Qi is computed by
multiplying qi by the star’s surface area: Qi = 4piR
2
∗qi.
The valueQi is computed at each point along the evolutionary tracks on the HR diagram,
and the result is the number of ionizing photons emitted as a function of time for a star of a
given initial mass. This data can be integrated over an initial mass function (IMF) (Salpeter
1955, Chabrier 2003) to determine the total number of ionizing photons produced by an
entire stellar population.
There have been several previous investigations concerned with determining these ion-
izing photon parameters (Shull et al. 2012, Leitherer et al. 2010, Vacca et al. 1996). Due to
the importance of ionizing photons to their applications, more accurate evolutionary tracks
and model atmospheres can immediately be implemented for use in these studies. Some
improvements to model atmospheres and evolutionary tracks include treatment of Non-LTE
atmosphere models, increasing the number of spectral lines considered, and most notably,
including the effects of rotation to stellar evolution.
1.1. Background
1.1.1. Evolutionary Tracks
The earliest stellar evolutionary tracks were basic, and only included a small amount of
stellar physics that was computationally allowed at the time. These tracks involved solving
simple equations of stellar structure, without any treatment of more advanced physics. The
first popular evolutionary tracks came from the Geneva group in the early 1990’s (Schaller
et al. 1992). They were popular because then recent advances such as improved radiative
opacities, neutrino losses, and modified wind models allowed a new level of sophistication. A
few years later, observations suggested higher mass loss rates for massive stars, and another
set of evolutionary tracks was produced (Meynet et al. 1994). The next large advance was
the attempt to add the effects of stellar rotation to evolutionary tracks. The early efforts
were productive, but were only able to describe some effects of rotation, and they did not
include evolutionary tracks for stars with M < 9M. (Meynet & Maeder 2000).
For the past two decades, the most widely used stellar evolutionary tracks were those
produced by Schaller et al. (1992). Improvements to the physics governing stellar evolution
have been limited until recently. The most recent tracks computed at solar metallicity
(Ekstrom et al. 2012) and sub-solar metallicity (Georgy et al. 2013) come again from the
Geneva group, and are expected to become the new default in the field. These models surpass
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previous evolutionary tracks with their treatment of mass loss from the stellar wind, and more
accurate nuclear burning rates. The most important improvement that these tracks have to
offer is the addition of rotation in the stars. Advances in helioseismology, in addition to other
stellar observations, have helped gain insight into properties of rotating stars. With these
observations, the models have something to compare to, in order to examine their validity.
From this data, Ekstrom et al. (2012) have created evolutionary tracks and isochrones for
a wide mass range for rotating and corresponding non-rotating stars. For the first time,
these models can be used to create a complete picture of rotating stellar evolution. One
of the most important differences between rotating and non-rotating stars is mixing caused
by meridional circulation. This mixing continuously provides new fuel to burn in the core,
increasing the lifetime of a star.
1.1.2. Model Atmospheres
The progress in improving the quality of model atmospheres included Non-LTE treat-
ment of the radiation field, wind and line blanketing, and an increase in efficiency of at-
mosphere codes. The first of these improvements came in 1975, and involved a method for
approximating the radiation pressure due to spectral lines. This method, called the Cas-
tor, Abbott & Klein (CAK) model, involves averaging the line force over all lines, instead of
treating all lines separately (Castor et al. 1975). This increase in radiative forces led to much
higher mass loss rates. Even with this major breakthrough, atmosphere models were still
restricted to being in local thermodynamic equilibrium (LTE), requiring a Planck black-body
radiation field. A better model was created around a decade later when the CAK model
was modified and made more accurate by neglecting a radial streaming approximation for
photons that drive the stellar wind. It was also found that for slow rotation rates (v < 200
km s−1), the effects created by rotation are negligible (Pauldrach et al. 1986).
The advances in model atmospheres have been more consistent than the advances in
evolutionary tracks. This has been caused primarily by the rapid increase in availability of
fast computers. The most efficient codes still use a modified version of the CAK method for
computing line forces, because it is fast and still provides an excellent approximation for its
efficiency. Perhaps the most important improvement that has been made is the extension of
the models into the non-LTE regime, allowing the radiation field to deviate from the black-
body function. This also has been allowed now that fast computers are commonplace. Other
advances include solving the radiative transfer equations in co-moving coordinates, moving
away from plane-parallel models, and an increased accuracy of atomic data. There are many
codes for computing model atmospheres, and each has its advantages. With these recent
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improvements, a model atmosphere can be computed in less than ten minutes, allowing for
hundreds or thousands of models to be computed over the course of the project. This allows
for accurate time resolution for the evolution of spectra produced by stars. A few of the
most prominent atmosphere codes are listed here: TLUSTY (Lanz & Hubeny 2003, 2007),
FASTWIND (Puls et al. 2005), CMFGEN (Hillier & Miller 1998), WM-BASIC (Pauldrach
et al. 2001). Spectra produced from these models at six different temperatures are shown in
Figure 4. In the models with a lower effective temperature, the Lyman edge is clearly visible
at λ = 912 A˚.
Both evolutionary tracks and model atmospheres are important ingredients in order to
examine the ionizing spectra produced by individual stars and stellar populations. The theo-
retical aspects of this field are nearing the necessary sophistication to replicate observations,
and will then will be able to serve as a useful tool for the expansion of research on these
topics. The data produced by combining these models will be invaluable to other related
fields of astrophysics. The calibrations of photon production rates that will be computed
can be used to more accurately describe massive star formation regions and reionization of
the IGM.
2. METHODS
In this section, we will outline the components necessary to determine the Lyman Con-
tinuum (LyC) photon production of massive stars. The first component that I will describe
is evolutionary tracks. In our paper, we will use several different grids of evolutionary tracks.
The first set of evolutionary tracks we use come from Schaller et al. (1992). These were the
standard evolutionary tracks for many years. We examine tracks with sub-solar, solar, and
super-solar metallicities (compared to the solar metallicity, a mass fraction of Z = 0.02 at
the time). The tracks are computed at five different metallicities, although we only consider
three, and they represent non-rotating stars.
The second set of evolutionary tracks also come from the same group (Ekstrom et al.
2012). These tracks are produced with a mass range extended to 0.8 M ≤ m ≤ 120 M and
finer mass resolution. One essential advancement that these tracks made over the Schaller
1992 tracks, is their treatment of rotation. In addition to the rotating tracks, the group has
computed tracks without rotation. We will examine both such cases in our paper. Since
the creation of the Schaller tracks, the accepted value for the solar metallicity has changed
(Asplund et al. 2009). Both the new rotating and non-rotating tracks are computed with
the new solar metallicity (Z = 0.014). Additionally, a set of tracks were computed with a
sub-solar metallicity (Georgy et al. 2013). The group plans to provide another calculation
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of tracks made with super-solar metallicity, but they are not published at this time.
The next necessary component is the computation of model atmospheres. The model
atmospheres are computed with one of many available codes, and output the theoretical
fluxes and spectral distribution produced from massive stars. We use the atmosphere code
WM-BASIC because of its efficiency in addition to its accuracy for producing spectra in the
ionizing UV, which is the range that we are interested in. The code only requires a few
basic parameters (Teff , log g, R∗, abundances) to compute a model, which come from the
evolutionary tracks. For each different set of evolutionary tracks we compute a grid of model
atmospheres. Each grid of model atmospheres is then coupled to the evolutionary tracks in
the Teff-log g plane.
With both of these components we are able to calculate the evolution of the spectra of
a star through time. We can then integrate the spectral luminosities to find the LyC flux as
a function of time, and then integrate to calculate the total ionizing photon production for
each initial mass. The next section will outline these steps in more detail.
2.1. EVOLUTIONARY TRACKS
The evolutionary tracks are the main variable in our investigation. They control where
the stars move along the HR Diagram, which defines their basic parameters such as the
luminosity L, Teff , log g, M , and R∗. These parameters are related by simple self-consistency
relationships. The surface gravity depends on the mass M and radius R∗ of the star:
g =
GM
R2∗
. (1)
Similarly, the luminosity L is only dependent on the effective temperature Teff and the stellar
radius R∗:
L = 4piR2∗ · σT 4eff . (2)
The ionizing photon fluxes are highly sensitive to these parameters. We can then use different
evolutionary tracks to investigate how different stellar physics can affect the production of
LyC photons.
The first tracks we use come from Schaller et al. (1992). For many years these tracks
have been the standard used in the field.
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2.1.1. Old Non-Rotating Tracks (Schaller 1992)
The first set of evolutionary tracks that we use come from Schaller et al. (1992). Using
these tracks we can test our methods and make comparisons to earlier studies. We will use
tracks at sub-solar, solar (Z = 0.02), and super-solar metallicities, that is, the fraction by
mass of elements heavier than helium. Specifically, we consider evolutionary tracks com-
puted at Z = 0.004, 0.02 and 0.04 respectively. Figure 1 depicts these tracks at the three
metallicities.
2.1.2. New Non-Rotating Tracks
The next step in investigating ionizing photon fluxes is using evolutionary tracks com-
puted with new techniques and new atomic data, but without considering the effects of rota-
tion. We will consider two sets of these tracks, at metallicity Z = 0.004, and Z = Z = 0.014
(Asplund et al. 2009). Both considered metallicities of these tracks are shown below. While
rotation is an important attribute for models to have, it is useful to consider the non-rotating
tracks first because they are computed using the exact same methods that the rotating tracks
use. This makes them a basis of comparison with older tracks to investigate improvements
that have been made since then. These tracks have made many of these improvements over
the Schaller et al. (1992) evolutionary tracks. Some of these improvements include abun-
dances, atomic opacities, reaction rates, and mass loss rates. The models do not account
for either a dynamo mechanism or a magnetic field that would produce solid body rotation.
These tracks are plotted in Figure 2.
2.1.3. New Rotating Tracks
The final set of evolutionary tracks includes the treatment of rotation (Ekstrom et al.
2012; Georgy et al. 2013). Similar to the non-rotating tracks from Ekstrom et al. (2012),
we have two sets of tracks with metallicities Z = 0.004 and Z = 0.014. Each of these
evolutionary tracks is computed with an intial rotation of 40% of the critical rotation speed.
Figure 3 illustrates these tracks.
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Fig. 1.— These are the old tracks (Schaller et al. 1992) at the three different metallicities
that we consider.
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Fig. 2.— New non-rotating tracks (Ekstrom et al. 2012; Georgy et al. 2013). Top Panel:
Tracks computed at solar metalcitity. Bottom Panel: Sub-solar metallicity.
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Fig. 3.— New rotating tracks (Ekstrom et al. 2012; Georgy et al. 2013). Top Panel: Tracks
computed at solar metalcitity. Bottom Panel: Sub-solar metallicity.
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2.2. Model Atmospheres
After completing the investigation into evolutionary tracks, we need to produce model
spectra at each time step along an evolutionary track. For the production of the model
atmospheres we use the code WM-BASIC. We chose this code primarily for its effective
treatment of lines in the UV and EUV. Additionally, a model can be completed in ten
minutes on a desktop computer with AMD Phenom II X6 1075T 3.0GHZ processor and
32Gb RAM. Due to the multiple processor cores of this machine, several models can be run
at the same time. This allows us to run hundreds of atmosphere models over the course
of our project in order to achieve accurate temporal resolution along evolutionary tracks of
spectra produced by massive stars.
2.2.1. Program Setup
We use the code WM-Basic to create atmosphere models1. We run this code on a desktop
computer with specifications described above. As yet, the code has not been updated to run
on the Windows 8 operating system. The code is not currently available for use on Linux
or Mac. Using this setup, we can complete a model in 10 to 15 minutes, and run up to six
models at a time. One full grid of models for a set of evolutionary tracks contains around
100 atmosphere models. Because of our setup, this grid can be computed in a day and we
can investigate many different combinations of track physics, metallicity, and mass range.
2.2.2. Initial Parameter Files
There are several important parameters that the code requires to function. The most
important are the three basic stellar parameters: Teff , log g, and R∗. From these, the code can
compute the mass, luminosity, and any other basic data that it needs. The next important
input is the abundances of elements between H and Zn. One has three different options to
define the abundances: solar metallicity, solar metallicity while defining your own H and
He abundances, and define all your own abundances. The “solar” abundances are values
from several years ago and no longer represent current data. The values we use are the
previous standard of Z = 0.014 (Asplund et al. 2009), and revisions by Caffau et al. (2011)
to Z = 0.0153. Due to the outdated solar values programmed into the code, we want to
define all of our own values. To input these values, the code requires the fraction of metal
1Code can be found at http://www.usm.uni-muenchen.de/people/adi/Programs/Programs.html
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abundances to solar. To do this, we first computed a model with the solar metallicity option,
then read the “solar” number fraction values out of the output. From this we can find the
fractions we are looking for. It is important to check the abundances after a model is run.
The code has a normalization procedure that can alter the abundances, so the resulting
values may be different than the values that are input, but in our case by only a few percent.
The rest of the input parameters are less important, but I will describe our treatment
of them briefly. The evaluation of line forces uses the CAK method described above. Three
parameters involved with this are present in the input file: k, α, and δ.
Once the input file is written, the model can be run using WM-Basic’s graphical user
interface (GUI). Each instance of the code must be started manually using its interface so
running very large amounts of models is not reasonable.
2.2.3. Model Atmosphere Calculation
The process that the model atmosphere calculation makes can be summed up in three
different pieces: the hydrodynamics, calculation of the occupation numbers and radiation
field, and finally the computation of the synthetic spectrum. The first section, solving the
hydrodynamics, is where the initial parameters are input. The most important of these are
the star’s effective temperature Teff , surface gravity log g, and radius R∗. Other parameters
include the abundances of the elements from H to Zn, and line force multiplier parameters.
In this section the temperature is assumed to be constant throughout the atmosphere. The
hydrodynamics calculation is iterated two more times. The first time, the temperature
gradient is computed using the continuum force. In the last iteration the temperature is
computed using the line force.
The line force parameters (k, α, δ) are used to compute line forces using the CAK
method. This method approximates the sum of a large number of spectral lines in a way such
that they can be computed by the line force parameters. This method greatly increases the
efficiency of calculating line forces making it an important ingredient for model atmosphere
codes.
The most important piece of the code is the calculation of the photon energy, occupation
numbers, and the radiation field in the NLTE regime. This step computes the radiation field,
the final temperature structure, and information about opacities, occupation numbers for
the various elements. These are computed using detailed atomic models. The final step in
the calculation provides the synthetic spectrum. Figure 4 illustrates the resulting spectra at
six different values of Teff ranging from 31,800 K to 72,300 K.
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Fig. 4.— Model atmospheres computed using the WM-BASIC atmosphere code. These are
six models taken from the grid of rotating tracks at solar metallicity. We plot a model in
10kK intervals. We add a model at 45kK because of the large change in strength of the H
and He edges in that temperature range. The models all appear near the main sequence.
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2.2.4. Defining the Grid
We follow the procedure of Leitherer et al. (2010), in defining a grid of spectra in the Teff
- log g plane. Despite the speed at which we can run model atmospheres, it is not feasible to
run a model at each point along the evolutionary tracks. For example, in the newer tracks,
there are 400 time steps for each initial mass. The procedure that we use is to run several
models along key points on the evolutionary track, and then interpolate. When done for
each initial mass, this defines the grid of spectra. Typically, we run a few tens of models for
each initial mass, totaling around 100 models for each set of evolutionary tracks. Below we
describe the process in more detail.
The grid is defined by the initial mass of the evolutionary track. We evenly distribute
the grid points along each of the tracks among points of equal time. In other words, the grid
has a higher density where the stars spend more time on the H-R Diagram. Consequently, we
get a higher accuracy of photon fluxes for a greater percentage of the stellar lifetime, and the
overall accuracy of the integrated photon fluxes is improved. Towards the end of the lifetime
of the most massive stars, the stars move quickly through the so called “blue loops”. Using
the above procedure, these would not have very good temporal resolution. To accomodate
this effect we compute extra models in these regions. This is important because, despite the
short time the stars spend in these regions, they are extremely hot and the ionizing photon
production is very high.
For the two most massive stars (85 M and 120 M) in the blue loops at the end of
their evolution, the stars move very far towards the left of the H-R diagram, to temperatures
higher than 70kK. This proves to be a problem for our atmosphere code because it is too
hot to be able to achieve convergence in the star. This is likely due to the stellar luminosity
exceeding the Eddington luminosity, at which radiation forces exceed gravitational forces.
To counteract this, we match the point along the evolutionary track with the closest model
atmosphere, instead of our typical interpolation method. The error accompanied with this
ends up being small because of the short time that the stars spend in these regions. Figure
5 illustrates the grid points overlayed on the evolutionary tracks.
2.3. Putting It All Together
After we have the evolutionary tracks and the grid of model atmospheres, we can com-
bine them in order to get the data we are trying to determine. Since we want to calculate
ionizing photon fluxes, we first extract these values from the model atmospheres. We do this
– 16 –
Fig. 5.— Top Panel: Evolutionary tracks (Ekstrom et al. 2012) at solar metallicity computed
with rotation. Bottom Panel: Corresponding non-rotating tracks. The points along the
tracks are points in the Teff-L plane at which model atmospheres were computed.
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by integrating the spectra using the following equation:
qi =
∫ λ(i)lim
0
piλFλ
hc
dλ , (3)
where hc/λ is the photon energy, qi is the flux of ionizing photons cm
−2 s−1, λ(i)lim corresponds
to the ionizing energy of an atomic species, and Fλ is the astrophysical flux. The subscript
i corresponds to the H I edge, the He I edge, and the He II edge for i = 1, 2, 3 respectively.
This gives us the photon flux per area on the surface of the star. To get the total photon
production we use
Qi = 4piR
2
∗qi , (4)
where R∗ is the radius of the star. From this we obtain an updated grid with each point
containing information on photon fluxes instead of the entire synthetic spectrum. Now we
are ready to apply the evolutionary tracks.
The goal with using the evolutionary tracks is to get a ionizing photon production value
at each of the 400 timesteps. As mentioned before, running a model at each point would
require thousands of runs, so we chose a different approach. We will use our grid of 100
models and interpolate to the points on the tracks. For a point on a track we choose several
model atmospheres surrounding it and linearly interpolate to the track. Figure 6 shows this
process for one such point.
We use four points for interpolation at each timestep on the tracks. Two of the points
are also along the same evolutionary track and provide the main part of the interpolation.
The two points that are outside of the track provide only a minor correction. There are
some regions of the grid that do not allow us to use all four points for interpolation. In these
regions we use a smaller number of reasonable points to complete the process. There are
times where the evolutionary tracks move outside the grid. We then find the closest grid
point and adopt its value for the photon production.
At this point we have the ionizing photon luminosities as a function of time for each
initial mass from the evolutionary tracks. Figure 7 shows a few of these such functions.
Then we simply integrate these functions to produce the total number of ionizing photons
produced over the stellar lifetime.
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Fig. 6.— This figure shows our method of interpolation along the evolutionary tracks. The
blue + represents the point along the track that we are interpolating to. The four red dots
are the grid points that we are using as a reference for our interpolation. Finally, the dotted
red line outlines the parallelogram that is interpolated linearly to obtain the correct value.
This example is using the solar metallicity rotating tracks.
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Fig. 7.— These curves show the H I LyC photon luminosities as a function of time, Q(t)
for Ekstrom (2012) rotating evolutionary tracks. Each different line is an evolutionary track
with a different initial mass. The rapid spikes at the end of the star’s lifetimes are the blue
loops. Notice that they take up a small fraction of the total produced photons, and thus
their accuracy is less important. This is why fewer model atmospheres exist there.
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3. RESULTS
3.1. Lifetime Integrated H I Photon Luminosities
The end result produced by the previously described method is the time total ionizing
photon production over its lifetime for stars with a given initial mass. We then plot these
productions vs. initial mass for a given set of evolutionary tracks. Figure 8 compares these
values for the old evolutionary tracks, and the new evolutionary tracks at solar metallicity.
First we examine some properties of the old evolutionary tracks. The models calculated
at a lower metallicity consistently produce more ionizing photons. This is what we would ex-
pect. Stars with lower metallicity have a reduced rate of CNO-cycle burning. This results in a
contraction and heating of the star’s core, with increased burning through the proton-proton
chain. Consequently, the surface temperature is hotter, and therefore produces significantly
more ionizing photons. Additionally, with fewer metals in the atmosphere there is less line
blanketing, so fewer photons get absorbed in the atmosphere.
Next we can make the comparison between the new non-rotating tracks and the old
tracks at solar metallicity. There are not very many large differences, but there are some
important distinctions. First, notice that in general the old tracks produce slightly more LyC
photons than the new tracks. Second, the new non-rotating tracks produce a Q0(m) curve
that is more linear than the old tracks, which turn over for the 120 M model. Because of
this, the 120 M model produces slightly more LyC photons when using the new tracks.
Figure 9 illustrates the comparison between the rotating and non-rotating evolutionary
tracks at solar and sub-solar metallicity.
3.2. He I and He II Continuum Photon Fluxes
Using the same data needed to determine LyC photon fluxes we only need to change
integration limits in order to produce fluxes for different ionization edges. This is what we
have done here, for both the He I and He II ionization edges, 504.3 A˚and 227.8 A˚respectively.
3.2.1. He I edge
The calculation of the He I ionizing photon production Q1(m) for each initial mass
follows the same procedure as the H I Lyman continuum computation. We use equation
3 to do this calculation where λlim = 504 A˚. Figure 10 depicts Q1(m) curves for the old
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Fig. 8.— This figure illustrates the total number of ionizing photons for different evolutionary
tracks. The Schaerer tracks are the old default tracks from 1992 at the three different
metallicities that we consider. The new solar metallicity tracks computed with and without
rotation are plotted for comparison.
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Fig. 9.— In this figure we compare the new evolutionary tracks (Ekstrom et al. 2012; Georgy
et al. 2013) with and without rotation at solar and sub-solar metallicity.
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evolutionary tracks at the three chosen metallicities, as well as the new rotating and non-
rotating tracks at the two available metallicities. The He I curves from the old evolutionary
tracks and the new evolutionary tracks with solar metallicity have a similar shape to the H I
Lyman continuum curves in Figure 8. In both cases the photon production tends to increase
with mass, while the 120 M star begins to flatten out.
Because the photons are in the Wien limit of the Planck function (hν  kTeff), the
intensity of radiation decreases exponentially in this short-wavelength range. Consequently
the photon production rates for He I ionization are significantly less than the H I continuum
rates, by up to an order of magnitude.
The comparison between the new evolutionary tracks at two different metallicities does
follow a different trend. The first difference is the behavior of the two most massive models
in the sub-solar rotating model. Instead of flattening with increasing mass, the models seem
to produce a rapidly increasing number of ionizing photons. The other sets of evolutionary
tracks produce rather linear Q1(m) curves.
3.2.2. He II edge
Again following the same procedure as above, the ionizing photon fluxes Q2(m) is com-
puted using equation 3 with λlim = 228 A˚. As the energy of the ionization edge continues to
increase, the number of photons produced in that spectral range decreases. The effect is even
greater with the He II edge, and resultantly the production is several orders of magnitude
lower than corresponding H I or He I production rates. Curves of Q2(m) vs. initial mass are
shown in Figure 11.
There are several notable features of Figure 11 that distinguishes it from plots of Q0(m)
or Q1(m) curves. The first feature is the lower metallicity models produce significantly
more photons than models computed with higher metallicity. This is consistent with our
expectations and the results of the Q0(m) and Q1(m) calculations. The next important
distinction is that for sub-solar metallicity models, the non-rotating models produce more
He II continuum photons than corresponding rotating models. This is different from our
expectations, and the trends from the solar metallicity models.
We can explain this discrepancy by examining the behavior of the evolutionary tracks.
Figure 12 illustrates a comparison between the rotating and non-rotating evolutionary tracks
at solar and sub-solar metallicity. From the sub-solar metallicity evolutionary tracks observe
that the non-rotating models have a higher effective temperature and luminosity for roughly
1.5 Myr, which constitutes a majority of their lifetimes. At the high energies of the He II
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Fig. 10.— These show integrated photon production (in units of 1063 photons) for He I (Q1)
continuum vs. initial mass for several evolutionary tracks. Left Panel: We compare the old
standard tracks to the new rotating and non-rotating solar metallicity tracks. The “1992
Nonrot” tracks come from Schaller et al. (1992), and “2012 Rot/Nonrot” tracks come from
Ekstrom et al. (2012). Right Panel: We compare the new rotating and non-rotating tracks
at solar and sub-solar metallicity. The 2012 Rot/Nonrot references Ekstrom et al. (2012),
and 2013 Rot/Nonrot come from Georgy et al. (2013).
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Fig. 11.— Values of Q2 vs. initial mass. Top panel: Comparison between old evolutionary
tracks (Schaller et al. 1992) and new solar metallicity rotating and non-rotating evolutionary
tracks (Ekstrom et al. 2012). Bottom panel: Comparison between new rotating and non-
rotating evolutionary tracks at solar and sub-solar metallicity (Ekstrom et al. 2012; Georgy
et al. 2013).
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continuum, the spectrum is highly dependent on the effective temperature.
3.3. Integration Over Initial Mass Function
With these data and the IMF of a stellar population we can calculate the number of LyC
photons produced per solar mass of star formation. To calculate this we integrate the IMF
(ξ(m)) multiplied by the lifetime integrated photon number Qi(m) for i = 0, 1, 2 depending
on the ionization edge. Equation (5) details this calculation:
QLyC =
∫ mmax
mmin
Qi(m)ξ(m)dm∫ mmax
mmin
ξ(m)mdm
. (5)
We consider three different IMFs to use in our calculation. The first considered is
Salpeter (1955). This IMF has the form ξ(m) = Km−α where α = 2.35 in the mass range
0.1 M≤ m ≤ 120 M, and K is a normalization constant. This is the steepest of the three
IMFs and has the same power-law through its entire mass range, whereas recent surveys
suggest a turnover at low mass. The second IMF we consider is from Kroupa (2001). This
IMF has the same power-law form as the Salpeter IMF but it is split into three different
mass ranges, each of which has a different value of α. The two relevant mass ranges with
corresponding slopes are:
0.08 ≤ m ≤ 0.5; α = 1.3
0.5 ≤ m ≤ 120; α = 2.3.
The last IMF that we consider is from Chabrier (2003). This has the same power-law
form for stars with m > 0.5M with α = 2.3. For masses below 0.5Mthis IMF has the
more complicated form: ξ(m) = A exp[−(logm− logmc)2/2σ2].
The number of LyC photons produced per solar mass is highly sensitive to the sets of
model atmospheres and evolutionary tracks used to compute Q0(m), as well as the slope
and turnover point of the IMF. We calculate several combinations of these factors in Table
1. The parameter α in column 6 of Table 1 is the exponent of the differential power-law of
the IMF for high mass stars. We can perform a similar calculation using Q1(m) and Q2(m)
to determine values for QHeI and QHeII respectively. These two values are listed for each
combination in the last two columns of Table 1.
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Fig. 12.— Evolutionary tracks for the 120 Mmodels. Comparison between rotating and
non-rotating models at two different metallicities.Top Panel: Z = 0.002. Bottom Panel:
Z = 0.014. The tick marks along the evolutionary tracks mark time intervals of 1 Myr.
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Table 1. Q0 Integrated with IMF at Z = Z
Mmin Mmax QLyC
IMF Reference Evolutionary Tracks Rot/Nonrot α Z
(M) (M) (1063 photons)
Salpeter (1955) Schaller et al. (1992) Nonrot 0.1 120 2.35 0.02 0.00359
Salpeter (1955) Ekstrom et al. (2012) rot 0.1 120 2.35 0.014 0.00590
Salpeter (1955) Ekstrom et al. (2012) Nonrot 0.1 120 2.35 0.014 0.00315
Kroupa (2001) Schaller et al. (1992) Nonrot 0.01 120 2.3 0.02 0.00572
Kroupa (2001) Ekstrom et al. (2012) rot 0.01 120 2.3 0.014 0.00940
Kroupa (2001) Ekstrom et al. (2012) Nonrot 0.01 120 2.3 0.014 0.00503
Chabrier (2003) Schaller et al. (1992) Nonrot 0.01 120 2.3 0.02 0.00370
Chabrier (2003) Ekstrom et al. (2012) rot 0.01 120 2.3 0.014 0.00607
Chabrier (2003) Ekstrom et al. (2012) Nonrot 0.01 120 2.3 0.014 0.00325
Table 2. Q0 Integrated with IMF at sub-solar metallicity
Mmin Mmax QLyC
IMF Reference Evolutionary Tracks Rot/Nonrot α Z
(M) (M) (1063 photons)
Salpeter (1955) Schaller et al. (1992) Nonrot 0.1 120 2.35 0.004 0.00490
Salpeter (1955) Georgy et al. (2013) rot 0.1 120 2.35 0.002 0.00717
Salpeter (1955) Georgy et al. (2013) Nonrot 0.1 120 2.35 0.002 0.00532
Kroupa (2001) Schaller et al. (1992) Nonrot 0.01 120 2.3 0.004 0.00623
Kroupa (2001) Georgy et al. (2013) rot 0.01 120 2.3 0.002 0.00910
Kroupa (2001) Georgy et al. (2013) Nonrot 0.01 120 2.3 0.002 0.00676
Chabrier (2003) Schaller et al. (1992) Nonrot 0.01 120 2.3 0.004 0.00402
Chabrier (2003) Georgy et al. (2013) rot 0.01 120 2.3 0.002 0.00588
Chabrier (2003) Georgy et al. (2013) Nonrot 0.01 120 2.3 0.002 0.00436
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4. DISCUSSION AND CONCLUSION
We can discuss applications to reionization by comparing our calculated values of QLyC,
QHeI, and QHeII with values calculated by Shull et al. (2012). There are several factors
that may affect these parameters including metallicity, rotation, and the IMF. We conclude
with a discussion of future work that could be conducted to increase the accuracy of our
calculations.
4.1. Reionization
The ionizing photonsQLyC produced perM of star formation are an important property
in determining when and how reionization of the IGM occurred. Specifically, these values
allow for the determination of the critical star formation rate (SFR) density (ρ˙SFR). We
compare the result of our calculation with the finding of Shull et al. (2012). First we make
the comparison of QLyC computed using the Salpeter IMF at solar metallicity. The values
of QLyC computed using the evolutionary tracks from Schaller et al. (1992) have risen by
approximately 50% from 0.00236 to 0.00359 (in units of 1063 LyC photons per M). The
value we computed using the new non-rotating evolutionary tracks from Ekstrom et al.
(2012) was slightly lower at 0.00315. The largest increase came from QLyC computed using
the new rotating evolutionary tracks. It is determined to be 0.00590, more than double the
value computed using the Salpeter IMF by Shull et al. (2012).
We can investigate the effect that several factors, namely IMF parameters, metallicity,
and rotation effects, has on the value of QLyC. First we consider the effects of different
IMF parameters. There are several differences between the three IMFs that we use in our
investigation. The mass range is one important parameter that defines the IMF. The Kroupa
(2001) and Chabrier (2003) IMFs both have the same mass range: 0.01 M≤ m ≤ 120 M.
The Salpeter IMF only considers stars with mass m ≥ 0.1 M. This is necessary because,
unlike the two other IMFs, the Salpeter IMF does not flatten out for low-mass stars. If we
were to consider the Salpeter IMF down to 0.08 M, the number of low-mass stars would
be overestimated and the value of QLyC would be lower because stars with such low-mass
produce nearly zero ionizing photons. Even though this IMF has a higher low-mass limit
than the other two IMFs, they would have already turned over, leaving the Salpeter IMF
with a larger number of low-mass stars, which decreases QLyC.
The Chabrier (2003) and Kroupa (2001) IMFs have the same power-law slope for high
mass (α = 2.3), but each has a different treatment for low-mass stars. The Kroupa (2001)
IMF has the simple form of a three part piecewise power-law. In this IMF the slope of the
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power-law decreases towards lower mass, the smallest slope being α = 0.3. The Chabrier
(2003) IMF has a different form. It also uses a power-law for high mass, but for m ≤ 1 M it
has an analytic (log-normal) distribution function. This function is listed in section 3.3 and
resembles an inverted parabola in log-log space. Compared to the Kroupa IMF, the Chabrier
IMF turns over more slowly. This causes a stellar population that follows a Chabrier IMF
to have more low-mass stars compared to the Kroupa IMF, and thus more mass that is not
producing ionizing photons.
Another important factor in calculating QLyC is the metallicity. We only have the full
range of evolutionary track parameters at two metallicities: solar and sub-solar. Despite this,
we can still make important observations. In general we observe that QLyC computed at sub-
solar metallicity is greater than those values computed at solar metallicity. This is what we
would expect, knowing that for an individual star, lowering the metallicity increases the
ionizing photon output. The discrepancy with this generalization comes from the rotating
evolutionary tracks from Ekstrom (2012). We expect QLyC to increase with decreasing
metallicity, but for these tracks it decreases slightly for the Chabrier and Kroupa IMF.
Figure 9 illustrates that for the 40 and 60 M models with rotation, the solar metallicity
models produce more photons than the sub-solar models before the solar models turn over.
Due to the power-law decrease of the IMF at high masses, this small difference in ionizing
photon production results in the solar metallicity models producing slightly more photons
per solar mass.
The last factor that we are investigating is the effect of rotation on QLyC. For each
combination of IMF and metallicity the evolutionary tracks that included rotation produced
more ionizing photons per solar mass. This is what we expect. Figures 8 and 9 show that
for each non-rotating set of evolutionary tracks, the rotating counterparts produce more
photons. This effect is large, producing an increase in QLyC of roughly 20% - 50%.
We can then investigate the QLyC values effect on the critical star formation rate (SFR)
density, which is necessary to keep the IGM ionized, balancing photoionizations with hydro-
gen recombinations. The critical SFR density can be computed (Shull et al. 2012):
ρ˙crit = (0.018 M yr−1 Mpc−3)
[
(1 + z)
8
]3(
CH/3
fesc/0.2
)(
0.004
QLyC
)
T−0.8454 , (6)
where CH is the IGM clumping factor, fesc is LyC escape fraction, and T4 is the plasma
temperature in units of 104 K. The value of fesc is estimated to be 10-20% (Fernandez &
Shull 2011) and needs to be at least 10% in order to reionize the IGM by redshift z = 7
(Shull et al. 2012).
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We then compare our computed values of QLyC to the scaling relation of QLyC = 0.004
suggested by Shull et al. (2012). Using different combinations of IMFs and evolutionary
tracks, we computed values of QLyC (Tables 1 and 2) in a range of 0.00315 to 0.00940
for solar metallicity and a range of 0.00402 to 0.00910 for evolutionary tracks at sub-solar
metallicity. These ranges constitute roughly a factor of 3 in the uncertainty of the critical
SFR density. The QLyC computed with the Kroupa IMF and the new rotating evolutionary
tracks were higher by a factor of 50% to 100%. Excluding this value, the highest value of
QLyC is 0.00607 for solar metallicity evolutionary tracks with rotation and 0.00717 for 10%
solar metallicity tracks. These non-excluded models only deviate by roughly 20% on the low
side and up to 75% on the high side.
4.2. Future Work
There are some improvements that could result in more accurate photon fluxes and
production rates. When creating the (log g, Teff) grid of model atmospheres, we continued
adding models until we reached diminishing returns in improvement of photon production
rates. Even though the effect would be small, adding more model atmospheres, perhaps one
at each time step of the evolutionary tracks, would create more accurate values. Another
small effect is the contribution of ionizing photon production of lower mass stars. Currently
we only considered models with mass m ≥ 25 M. Stars with mass lower than this limit
produce an order of magnitude or more fewer photons than those of more massive stars.
We could however include them in our calculation and perhaps get slightly more accurate
results. We considered only two metallicities for the evolutionary tracks with rotation.
Several areas of improvement could be made by improving or adding new evolution-
ary tracks. The inclusion of rotating evolutionary tracks at super-solar metalicity would
strengthen our results for the metallicity dependence of QLyC, and would give us a compar-
ison for the super-solar evolutionary tracks from Schaller et al. (1992). The evolutionary
tracks currently do not include a complete description of magnetic fields. The inclusion of
effects from magnetic fields in the future would increase the accuracy of our calculations.
Our models using the rotating evolutionary tracks assume that all of the stars have the
same initial rotation. A more accurate model may include stars with a variety of initial
rotation speeds, including some that have negligible rotation. Because of this, we expect our
models to be over producing photons. In the future, population models could be created
that treat the rotation in populations more realistically (Levesque et al. 2012).
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